Contemporary caries prevention protocols recommend not only effective remineralizing agents but also ecological measures to reverse the dental plaque dysbiosis responsible for the disease pathogenesis. There is a high-level of evidence supporting the remineralizing efficacy of casein phosphopeptide-amorphous calcium phosphate (CPP-ACP) from studies around the world. Evidence is now emerging that CPP-ACP may also have a beneficial influence on the dental plaque microbial ecology and homeostasis. The ecological cariostatic effects of CPP-ACP are believed to be mediated predominantly through its anti-adhesion, buffering and biofilm disrupting actions. This review principally discusses the ecological mechanisms of CPP-ACP and presents the current evidence for its effects on the oral microbiome ecology.
INTRODUCTION
The progress of dental caries lesions to cavitation depends on the equilibrium between demineralization, caused by dental plaque dysbiosis, and remineralization, which is contingent on the presence of calcium, phosphate and fluoride in the oral environment. 1 Ever since the cariostatic effects of fluoride were discovered, caries prevention has largely relied on the ability of fluoride ions to inhibit enamel dissolution and enhance remineralization of incipient lesions. More recently, several calcium phosphate remineralization technologies have been developed aiming to further boost the remineralizing efficacy of fluoride. 2, 3 However, one consequence of accepting the ecological plaque hypothesis is the recognition that current approaches to caries management do not necessarily challenge the underlying aetiology of the disease. 4, 5 Caries lesions develop due to a catastrophic ecological shift in the plaque biofilm microflora, triggering an imbalance in the physiologic equilibrium between tooth mineral and biofilm fluid. This ultimately tips the caries balance towards demineralization and lesion formation. 6, 7 Environmental pressures (e.g. frequent sugar exposures, xerostomia etc.) can create an extended period of low pH in dental plaque, favouring acidogenic/aciduric bacteria over commensal resident species, and thereby increase caries risk. 8 The pH-driven shifts in composition and metabolism of oral microflora have been shown to be responsible for enamel demineralization and caries initiation. 9, 10 The need to reverse this microbiome dysbiosis has prompted suggestions to include ecological measures to complement the physiochemical preventive effects of fluoride. 11 Ideally, the remineralizing agents themselves should be able to influence the cariogenic virulence traits responsible for the microbial plaque dysbiosis. Several studies have shown that under appropriate conditions fluoride ions can inhibit the acidogenicity, aciduricity and glucan synthesis of cariogenic bacteria. [12] [13] [14] [15] However, it is unclear as to how much the antimicrobial mechanisms of fluoride contribute to its caries preventive effects. A recent study demonstrated that the brief fluoride exposure from toothpastes or mouthwashes could not sustain anti-acid production activity, with the biofilms recovering acidogenicity over time, even when high fluoride concentrations were used. 16 In this regard, a naturally derived protein-based remineralizing technology called casein phosphopeptide-amorphous calcium phosphate (CPP-ACP) has been shown to not only significantly improve remineralization of enamel subsurface lesions, but may also hold great promise in effecting a beneficial shift in the dental plaque microbial ecology. CPP-ACP is probably the most studied non-fluoride remineralizing technology with a large number of randomized controlled trials (RCTs) and systematic reviews from across the globe having assessed its remineralizing efficacy. 3 However, the literature is relatively sparse on the ecological influences of CPP-ACP on dental plaque. This brief overview aims to discuss the proposed mechanisms and the evidence for its effects on the oral microbiome ecology.
CPP-ACP: DEVELOPMENT AND CARIOSTATIC MECHANISMS
The caries protective effects of milk and milk products like cheese have for long been attributed to casein phosphoproteins and the calcium and phosphate components present in them. 17, 18 The tryptic digestion of milk caseinate has been shown to produce multi-phosphorylated casein phosphopeptides (CPPs), substantially increasing its ability to stabilize calcium phosphate in solution, through the binding of amorphous calcium phosphate (ACP) clusters with their multiple phosphoserine residues. 19 CPP acts as a salivary protein biomimetic but with significantly greater calcium-stabilizing capacity due to the higher content of its phosphoseryl residues. 20 Moreover, CPP exhibits ten times greater anti-cariogenicity on a weight basis than the intact milk protein, without the associated problems of unpalatability or allergenicity. 21 This natural process of calcium stabilization, transport and delivery was used to develop the CPP-ACP remineralization technology. Both CPP-ACP and a fluoride-incorporated version (CPP-ACFP) are now used globally in a number of oral care products like chewing gums, topical cr emes and toothpastes.
Casein phosphopeptide-amorphous calcium phosphate nanocomplexes are readily soluble in saliva creating a diffusion gradient that allows them to localize in dental plaque. CPP-ACP can thus act as biological calcium phosphate delivery vehicles that significantly boost levels of bioavailable calcium and phosphate ions in saliva and plaque fluid without causing indiscriminate precipitation of the calcium salts. 22 Low pH conditions that arise during a cariogenic attack facilitate the release of calcium, phosphate and fluoride ions from the CPP-ACP/CPP-ACFP complexes, inhibiting demineralization and favouring remineralization by precipitation of the released ions. 23 The ability of CPP-ACP to readily provide supersaturated concentrations of stabilized calcium and phosphate ions significantly augments the remineralization potential of saliva/plaque and enables deeper subsurface lesion remineralization. The remineralization pattern produced by CPP-ACP is considered superior to the predominantly surface-only remineralization mediated by fluoride. 24 Fully remineralized enamel lesions not only have better aesthetics and strength, but are more resistant to a subsequent acid challenge. 25, 26 
CPP-ACP: ECOLOGICAL EFFECTS ON DENTAL PLAQUE
The majority of the studies on the cariostatic effects of CPP-ACP have focussed on its remineralization capabilities. However, there is growing awareness that the daily application of CPP-ACP can have beneficial effects on the ecology of the oral plaque microflora. The proposed mechanisms underpinning the ecological influences of CPP-ACP are detailed below, while the existing evidence on its possible dental plaque effects is summarized in Table 1 .
Inhibition of bacterial adhesion
Early in vitro studies have reported a rapid saturation of saliva-coated hydroxyapatite surfaces by casein complexes inhibiting the adherence of Streptococcus mutans and Streptococcus sobrinus. [27] [28] [29] This was confirmed in an experimental animal caries model study where rats fed cariogenic diets containing micellar casein/CPP showed a significant reductions in caries lesions and numbers of S. sobrinus colonizing the teeth of these animals. 30 Further studies by Rose revealed that CPP-ACP binds both to dental plaque (with a strong affinity for S. mutans) and to pellicle macromolecules adsorbed on the tooth surface. 31, 32 This was corroborated by electron micrographs of immunocytochemically stained sections of dental plaque showing CPPs bound to bacterial cell surfaces as well as to the extracellular matrix. 22 It has been suggested that major bonds localizing the CPP-ACP on bacterial cell surfaces are not mediated by the acidlabile calcium ions or ACP cross-linking but were predominantly between the peptides and cell surface molecules. 22 The exact anti-adhesion mechanisms for CPP-ACP are not clearly defined but it has been shown that CPP-ACP competes with free calcium for plaque calcium-binding sites, reducing the degree of calcium bridging between the pellicle and adhering cells and between the bacterial cells themselves. 31 In addition, CPP molecules have hydrophilic and hydrophobic regions that can mask the bacterial cell surface hydrophobic proteins and thereby impede the initial bacterial adhesion to pellicle-coated tooth surfaces. Furthermore, localization of CPP-ACP on bacterial surfaces and plaque could prevent bacterial co-aggregation and accumulation in dental plaque. This interference with microbial attachment may prevent deleterious ecological shifts in dental plaque, thereby inhibiting caries development.
Several clinical trials have shown that regular use of CPP-ACP/CPP-ACFP oral care products reduced mutans streptococci levels in saliva. [33] [34] [35] [36] [37] Another RCT reported that while CPP-ACFP caused a reduction in percentages of S. mutans and aciduric lactobacilli in dental plaque samples, the plaque composition was not significantly different from that effected by a fluoride-free control paste. 38 The authors of this study suggested that poor compliance of subjects using the CPP-ACFP product could be one of the reasons why no advantage was detected. A limitation of these clinical trials is that a single bacterial species (usually S. mutans) was used as the surrogate marker to evaluate changes in the salivary/plaque microbial profile. However, assessing the dental plaque numbers of a range of cariogenic and health-associated bacteria would be more relevant. Clearly, more well-designed RCTs are required to establish whether the reported anti-adhesion effects of CPP-ACP can translate into altering the plaque microbial composition to one associated with health and not disease.
Buffering effects
A sustained low pH environment in dental plaque not only favours enamel demineralization but also allows acidogenic/aciduric bacteria to gain an ecological advantage over health-associated oral bacterial species. 39 The buffering effects of CPP-ACP can alkalize the plaque biofilm and possibly prevent the In vitro biofilm study CPP-ACP Inhibited S. mutans biofilm development and disrupted architecture of established biofilms CPP-ACP = casein phosphopeptide-amorphous calcium phosphate; CGMP = caseinoglycomacropeptide; RCT = randomized controlled trial; MS = mutans streptococci.
detrimental microbial ecological shift from occurring. RCTs in orthodontic patients have shown that CPP-ACP cr emes could elevate plaque/salivary pH levels and improve the oral hygiene index. 40, 41 Prior application of CPP-ACP products was also seen to reduce the fall in plaque pH following a sucrose challenge, with CPP-ACFP capable of keeping the pH high for up to 96 h compared to 48 h for CPP-ACP. 42, 43 The mechanisms by which the buffering influences of CPP-ACP are mediated may be varied. CPP-ACP does not necessarily impede bacterial acid production per se but rather acts as a reservoir of peptides, calcium and phosphate ions which offset any drop in pH. 44 While the enzymatic breakdown of CPPs by plaque peptidases and phosphatases reduces their capacity to stabilize calcium and phosphate ions, 45 the plaque pH rise that results from this hydrolysis is beneficial in favourably tilting the de-/remineralization equilibrium. 46 For instance, the glutaminyl and asparaginyl residues of CPPs have been shown to be non-arginine sources of nitrogen for oral commensal bacteria to catabolize and effected a pH rise through the production of ammonia. 47 The CPP phosphoseryl sequences are relatively more resistant to hydrolysis but readily accept protons and neutralize plaque acids. 19 Evidently, CPPs and their breakdown products can have a positive impact on plaque biofilm homeostasis and thus provide a selective ecological advantage to non-aciduric microorganisms. This could, over time, increase the proportion of amino acid utilizing commensal bacteria in dental plaque while reducing the numbers of cariogenic bacteria.
Biofilm disruption
Dental caries is the most common biofilm-mediated disease afflicting humans. The exopolysaccharide glucan-rich matrix of cariogenic plaque biofilms offers substantial protection against the inimical influences of remineralizing agents and antimicrobials. Cariostatic agents that can potentially delay biofilm development and disrupt its structural organization should be beneficial in caries prevention. A recent in vitro study demonstrated that a glass ionomer cement containing 3% CPP-ACP significantly inhibited biofilm development by over 50%. 48 A single 10 min treatment with aqueous 1% CPP-ACP was also shown to significantly reduce biomass and thickness of established S. mutans biofilms, while severely disrupting the structural architecture of these biofilms. 48 This was consistent with an in situ study that showed treatment with CPP-ACP delayed intraoral biofilm formation. 49 The ability of CPP-ACP to mask pellicle and bacterial cell surface macromolecules possibly prevents the cell-to-cell adhesion essential for biofilm development. The CPP-ACP-mediated disruption to the biofilm structural architecture would render it less capable of maintaining an acidic pH at the attachment surface and allow diffusion of fluoride, calcium and phosphate ions to the plaque-tooth interface for remineralizing any incipient lesions.
Bacteriostatic/bactericidal effects
There have been suggestions that CPP-ACP by forcing the maintenance of high free calcium concentrations in dental plaque may indirectly have additional biocidal or bacteriostatic effects. 31 Calcium concentrations greater than 1 mmol/L have been found to induce streptococcal membrane permeability and partial lysis, 50 while the ATP-dependent calcium export system may also be unable to cope with high calcium concentrations. 51 Whether these mechanisms actually play a role in CPP-ACP reducing bacterial counts in dental plaque/saliva needs further elucidation.
CONCLUSIONS
CPP-ACP is a natural non-toxic anti-cariogenic agent that can safely be added to dentifrices, chewing gums and food products to lower caries experience in highrisk individuals. The evidence presented in this paper does indicate that CPP-ACP may possibly have multiple modes of cariostatic action (inhibition of demineralization, enhanced remineralization, reduced bacterial adhesion, buffering action, biofilm disruption and bacteriostatic/bactericidal effects). While there is a high-level of evidence supporting the remineralization potential of CPP-ACP, further research is needed on whether the suggested ecological mechanisms can effectively translate into beneficial microbial changes in dental plaque. Molecular techniques, based on the 16S rRNA real-time quantitative polymerase chain reaction or next-generation sequencing, can be used to confirm bacterial profile changes in dental plaque after using CPP-ACP oral care products. Three RCTs are currently registered on the Australian New Zealand Clinical Trials Registry (ACTRN12618000095268, ACTRN126150012275 83, ACTRN12617000148370), evaluating whether dentifrices and chewing gums containing CPP-ACP can influence microbial compositional changes in dental plaque. Results from these clinical trials should provide more definitive evidence on the potential ecological effects of CPP-ACP.
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